During surveillance for various tickborne pathogens in the upper Midwest during the summer and early fall of 1995, a Bartonella-like agent was detected in the blood of mice that were concurrently infected with Borrelia burgdorferi or Babesia microti (or both). The organism was isolated in pure culture after inoculation of blood from wild-caught mice into C.B-17 scid/scid mice. Phylogenetic analysis of the 16S rRNA and the citrate synthase genes showed that the novel Bartonella species and a Bartonella isolate from a mouse captured on Martha's Vineyard, Massachusetts, were closely related to each other and secondarily related to Bartonella grahamii and Bartonella vinsonii. [11] has been reported granulocytic ehrlichiosis (HGE), has also been described [1, 2]. All three pathogens are transmitted by the deer tick; acquisiand could account for the occurrence of some coinfected vector ticks. However, coinfection of mice with B. burgdorferi and tion of infection in ticks probably occurs via feeding of immature stages of the tick on the white-footed mouse (Peromyscus Ehrlichia species has not been described. The original intention of this study was to describe the prevaleucopus), which appears to be an important reservoir of infection with all of these agents. Consistent with their overlapping lence of infection with B. burgdorferi, B. microti, and Ehrlichia species in P. leucopus mice, wild-caught in Minnesota and transmission cycles, coinfection with these agents in some human cases has been described, with possible effect on disease Wisconsin. Unexpectedly, instead of detecting Ehrlichia species in the blood of P. leucopus, we detected a novel Bartonella duration and severity [3] . Indeed, coinfection with other tickborne pathogens may be a confounding variable in investigaspecies. Herein we describe the outcome of these surveillance studies and the isolation and initial characterization of the ortions of the biologic variation of Lyme disease [4] . Animal experiments were conducted using a protocol approved by the Mayo delein, IL), identified to species, weighed, sexed, and examined for and 1000 mg of fosfomycin/mL as previously described [14] . The were placed in 10 mM HCl and were dipped in 95% ethanol and
In areas of the northeastern and upper midwestern United pathogens might be expected. Coinfection of P. leucopus mice, the primary reservoir of B. burgdorferi in the northeastern States in which Lyme disease is endemic, human infection with Babesia microti and Ehrlichia species, the agent of human United States [9] , with B. burgdorferi and B. microti [10] and with Ehrlichia species and B. microti [11] has been reported granulocytic ehrlichiosis (HGE), has also been described [1, 2] . All three pathogens are transmitted by the deer tick; acquisiand could account for the occurrence of some coinfected vector ticks. However, coinfection of mice with B. burgdorferi and tion of infection in ticks probably occurs via feeding of immature stages of the tick on the white-footed mouse (Peromyscus Ehrlichia species has not been described. The original intention of this study was to describe the prevaleucopus), which appears to be an important reservoir of infection with all of these agents. Consistent with their overlapping lence of infection with B. burgdorferi, B. microti, and Ehrlichia species in P. leucopus mice, wild-caught in Minnesota and transmission cycles, coinfection with these agents in some human cases has been described, with possible effect on disease Wisconsin. Unexpectedly, instead of detecting Ehrlichia species in the blood of P. leucopus, we detected a novel Bartonella duration and severity [3] . Indeed, coinfection with other tickborne pathogens may be a confounding variable in investigaspecies. Herein we describe the outcome of these surveillance studies and the isolation and initial characterization of the ortions of the biologic variation of Lyme disease [4] .
Simultaneous infection of Borrelia burgdorferi -infected Ixganism. odes scapularis (dammini) ticks, the primary vector of B. burgdorferi in the eastern and upper midwestern regions of the Materials and Methods United States [5] , with B. microti [6, 7] and Ehrlichia species [8] has been reported. Because B. burgdorferi, B. microti, and darkfield microscopy. Spirochetes from positive cultures were identified as B. burgdorferi by PCR by use of ospA-specific primers BAE-1 and BAE-2 (table 1) as previously described [14] . If an ear skin culture developed contamination, the corresponding sample in tissue extraction buffer was prepared for PCR detection of ospA with primers BAE-1 and BAE-2 as described [14] . This technique was shown to be of comparable sensitivity to culture of ear tissue for the detection of B. burgdorferi in wild-caught rodents [14] .
DNA extraction from mouse blood samples. For PCR studies, DNA was extracted from 100 mL of blood by use of a tissue kit (QIAamp; Qiagen, Chatsworth, CA). Once the sample DNA was affixed to the spin column, the manufacturer's protocol was modified to include a second incubation of each sample with buffer AL for 30 min at 70ЊC and a third wash with buffer AW, for a total of three washes. Preliminary experiments demonstrated that these modifications to the Qiagen protocol minimized coextraction of substances from mouse blood that could inhibit subsequent DNA amplification. The DNA was eluted from the column with 50 mL of 10 mM Tris-HCl (pH 9.0). Extraction of DNA from blood samples was done with aerosol barrier-tipped pipettes in a laminar rDNA-specific primers Bab1 and Bab4 as previously described In addition to ear tissue, §200 mL of blood was obtained by [15] . Subsequent to PCR, 10 mL of PCR product was electrophopuncture of the retroorbital sinus or the heart in sodium citrate for resed in a 2.5% agarose gel (Seakem GTG; FMC Bioproducts, polymerase chain reaction (PCR) studies and for making thin blood Rockland, ME) for detection of PCR products of the expected size, smears, which were stained with Wright-Giemsa stain. For animal and the DNA was transferred to nylon membrane by the method inoculation studies, Ç100 mL of blood from each animal was of Southern [16] . PCR products were specifically identified as B. cryopreserved in RPMI 1640 medium containing 10% fetal calf microti by hybridization with an internal chemiluminescent labeled serum and 20% DMSO and frozen at 070ЊC. Animals were reprobe that was created with primers Bab2 and Bab3 as previously turned to the point of capture (Pine County) or euthanized with described [15] . CO 2 gas and rapidly frozen (remaining sites).
PCR detection of Ehrlichia species. Broad-range ehrlichial Determination of B. burgdorferi infection status. The B. burg-16S primers Ehr 521, as previously described [8] , and Ehr 790 dorferi infection status of each captured animal was determined by (5-CTTAACGCGTTAGCTACAACACAG-3) were used to deculture of the spirochete from ear tissue in BSK II medium at 32ЊC. tect the HGE agent in 5 mL of each extracted blood sample. The This technique was previously shown to be Ç85%-90% sensitive numbering of ehrlichial primers locates the 5 end of the primer compared with culture of internal organs for spirochetes [14] . Culcorresponding to the nucleotide sequence of Ehrlichia equi (M73223). The 293-bp PCR product amplified by this primer pair tures were examined weekly for the presence of spirochetes by Isolation of Bartonella species from wild-caught mice. For as previously described [8] . Samples producing an amplification isolation of Bartonella species, 100 mL of cryopreserved blood product via use of the ehrlichial primers and that were hybridizafrom selected wild-caught mice was inoculated intraperitoneally tion-positive were subjected to DNA sequence analysis by use of into 3-to 4-week-old C.B-17 scid/scid mice obtained from a breedehrlichial 16S primers Ehr 20 (5-AGCTTAAGACATGCAing colony at the Mayo Foundation. The SCID mouse breeding AGTC-3) and Ehr 241 (5-CCAGGTATAGATCATCGCC-3), colony was established from mice supplied by a commercial supwhich served as both amplification and sequencing primers.
plier that regularly conducts surveillance for Bartonella species in All PCR reaction mixtures were prepared with use of barriermice maintained in the commercial colony. Additionally, the coltipped pipettes or positive displacement pipettors in a room in ony SCID mice at the Mayo Foundation were housed in microisolawhich PCR product was not handled. Distilled H 2 O was included tion cages in a barrier facility. Two weeks after inoculation, 100 in each PCR reaction to serve as a negative PCR control, and mL of blood was obtained from each mouse, by puncture of the previously extracted blood from a mouse infected with HGE was retroorbital sinus, and DNA was extracted by use of the Qiagen included to serve as a positive control.
tissue kit, as previously described. DNA extracted from these samSequence analysis of PCR product. To characterize further the ples was tested by PCR for B. microti and Ehrlichia species as samples that produced an amplification product with the grouppreviously described. specific ehrlichial primers (Ehr 521-Ehr 790), results were conAdditionally, several drops of blood from each experimentally firmed by a second amplification with a nonoverlapping primer set inoculated mouse were cultured on sheep blood agar plates that followed by DNA sequencing. Amplification products produced by were held under conditions of 5% CO 2 and 95% relative humidity. primers Ehr 20-Ehr 241 were purified (Wizard PCR Prep; ProThe plates were checked daily for the presence of bacterial growth, mega, Madison, WI) and sequenced in both directions with the and colonies that appeared were examined by Gram's stain and same primer pair in an automated DNA sequencing instrument by PCR. For the latter, a colony was suspended in 500 mL of (ABI 373; Perkin-Elmer Applied Biosystems, Foster City, CA).
distilled H 2 O and heated to 95ЊC for 10 min before amplification The FastA program within the Wisconsin package [17] was used with 16S primers 8FPL and 13B as previously described. To detect to search the GenBank sequence database for sequences with the B. burgdorferi from experimentally inoculated mice, an ear biopsy highest percentage of identity with the derived 16S Ehr 20-Ehr sample was also removed from each experimentally inoculated 241 sequence.
mouse and cultured in BSK II medium as previously described. For blood samples that were reactive with the initial set of Statistical analysis of mouse infection status and mouse characehrlichial primers, a larger region of the 16S rDNA and a portion teristics. The association of the frequency of coinfection of mice of the citrate synthase (gltA) genes were amplified and sequenced.
with B. burgdorferi, B. microti, and Bartonella species with mouse For 16S rDNA analysis, universal 16S bacterial primers 8FPL and age or sex was tested by Fisher's exact test [22] . 13B [18] were used to amplify a 1383-bp segment of the 16S gene. For sequencing, primers 8FPL and 13B, along with primers 515FPL, 806R, and 91E [18] , were used. From the preliminary 16S were detected by culture in mice captured at all four sites, plify a 378-bp segment of the gene as described [19] , with the exception of increasing the annealing temperature to 55ЊC. With and in each case, ospA was amplified by PCR from cultured the same citrate synthase primers, 299 bases were sequenced in spirochetes (data not shown). Overall, 46% of captured mice both directions.
were positive for B. burgdorferi by culture of ear tissue, and Consensus 16S rDNA and citrate synthase sequences were crethe prevalence of infection with the pathogen varied between ated by aligning contiguous sequences with the Gel Assemble 24% and 75% in mice captured at the four sites (table 2). program of the Wisconsin package, and 16S and citrate synthase
The prevalence of B. microti, as determined by PCR, was 12% sequences with the highest percentage of identity were identified overall in captured mice, and ranged from 5% to 30% at the three with the FastA algorithm. For phylogenetic analysis, the consensus sites at which the organism was detected in captured mice (table 16S and citrate synthase sequences and the related sequences were 2). B. microti was not detected in mice captured at the Monroe aligned by use of the PileUp algorithm [17] with Rickettsia rickettCounty site. In DNA extracted from the blood of B. microtisii included as an outgroup in both analyses. Phylogenetic analysis infected mice, primers Bab1 and Bab4 produced a 238-bp ampliof the alignment thus generated was analyzed by the PAUP (phylofication product that hybridized in each case with the internal genetic analysis using parsimony) [20] and the MEGA (molecular 154-bp probe (figure 2). For the sites at which B. burgdorferi and evolutionary genetics analysis) programs [21] . A branch and bound B. microti were detected in mice, the prevalence of coinfection algorithm was used for PAUP, and, by use of MEGA, a JukesCantor distance measurement was calculated with neighbor-joining with B. microti in mice that were culture-positive for B. burgdorf-/ 9d3f$$fe20
12-05-97 11:52:51 jinfa UC: J Infect Parsimony analysis of the alignment generated with these organisms showed that the Bartonella isolate was unique among by 16S rDNA -specific primers Ehr 521 -Ehr 790 revealed a faintly staining 293-bp amplification product in the DNA exthose described to date and was related most closely to Bartonella grahamii ( figure 3A) . The result of neighbor-joining analtracted from 4 of the mice. At least 1 mouse was captured in each county, except for Monroe County (table 2) . However, ysis using MEGA also showed that the Bartonella isolate was related most closely to B. grahamii (data not shown). The upper the hybridization pattern of the PCR product with the internal Ehrlichia probe was variable in intensity, and the product mimidwestern Bartonella species 16S rDNA sequence has been submitted to GenBank (U71322) (table 3) . grated at a slightly higher position than expected (figure 2B). To determine whether these mice were infected with Ehrlichia To complement the 16S rDNA phylogenic analysis, we amplified a 378-bp segment of the citrate synthase (gltA) gene of species or a related organism, we amplified and sequenced a noncontiguous region of the 16S rDNA with primers Ehr 20 -the upper midwestern Bartonella species by use of primers BhCS.781p and BhCS.1137n and, by using the same primers, Ehr 241; this segment would be expected to produce a fragment that would allow for discrimination between the various ehrwere able to sequence 299 bases of the PCR product in both directions. Previously, restriction digest analysis of citrate synlichial species, as well as among the Rickettsiaceae. FastA sequence analysis of the Ehr 20 -Ehr 241 16S PCR product thase amplification products has been shown useful for differentiation of the members of the Bartonella species [19] . FastA amplified in these DNA extracts indicated that the unknown organism was most closely related to Bartonella species (data analysis [17] of the citrate synthase sequence identified 9 other Bartonella and 1 Rickettsia species having §69% identity with not shown). No other blood samples tested were reactive with the 16S rDNA primers used in this study.
the upper midwestern Bartonella species (table 3) . Parsimony analysis of the alignment generated using these organisms To further identify the unknown organism, the cryopreserved blood specimens from 3 of the 4 mice that were identified to showed that the Bartonella isolate was most closely related to Bartonella vinsonii ( figure 3B ). Neighbor-joining analysis of contain a Bartonella-like organism were inoculated intraperitoneally into separate C.B-17 scid/scid mice. The blood collected the citrate synthase sequence also showed that the Bartonella isolate was related most closely to B. vinsonii (data not shown). from the fourth mouse was insufficient for cryopreservation and animal inoculation studies. Two weeks after inoculation,
The consensus citrate synthase sequence has been submitted to GenBank (U77057) ( novel Bartonella species demonstrated nearly complete identity within the 16S rRNA and citrate synthase genes with that of Overall, 15 (57%) of 26 mice infected with B. burgdorferi only were female, compared with 5 (45%) of 11 mice coinfected an isolate from a P. leucopus mouse captured on the northeastern coast of United States. On the basis of the derived 16S with B. burgdorferi and either B. microti or Bartonella species (Fisher's exact, P Å .72). Similarly, 13 (50%) of 26 mice rDNA sequence and published sequences for other Bartonella isolates, the novel Bartonella species is related most closely infected with B. burgdorferi only were subadult compared with 3 (27%) of 11 coinfected mice (Fisher's exact, P Å .28).
to B. grahamii, isolated from a Clethrionomys glareolus captured in the United Kingdom [23] . Similarly, on the basis of To determine if the upper midwestern Bartonella species was similar to organisms formerly identified as Grahamella the derived citrate synthase sequence, the Bartonella species is related most closely to B. vinsonii, isolated from a Microtus cultured from mice captured in areas of the northeastern part of the United States in which Lyme disease is enzootic, we pennsylvanicus captured on Grosse Island, Canada [24] . While beyond the scope of this study, DNA-DNA hybridization studcompared the isolate with a Grahamella isolate (2198) obtained from the blood of a P. leucopus mouse captured on Martha's ies might further characterize the relatedness of the novel Bartonella species to the other described Bartonella species. Vineyard, Massachusetts, in 1995 by one of us (S.R.T.). In comparing the upper midwestern Bartonella species and the The close relatedness between the upper midwestern Bartonella species to B. vinsonii and B. grahamii, both isolated from Martha's Vineyard mouse isolate, the Gap program within the Wisconsin package [17] computed a ú99% identity between rodents, indicates that rodent-adapted Bartonella species may have a general distribution in rodents in North America and 1271 and 299 nucleotides, respectively, of the 16S rDNA and the citrate synthase sequences. Parsimony analysis of these Europe. Analysis of Bartonella species isolated from rodents captured in the southeastern United States has also indicated DNA sequences showed the North American isolates to be nearly indistinguishable, differing from each other by only 2 that the organism may be highly prevalent in that region and may be more genetically diverse [25] . nucleotides in 8 phylogenetically informative positions in the 16S rDNA region and by only 1 nucleotide in 13 informative
We observed a large discrepancy between the number of captured mice infected with B. burgdorferi alone and the numpositions in the citrate synthase analysis. Phylogenetic analysis of both sequences of the upper midwestern and Martha's Vineber of mice coinfected with B. burgdorferi, B. microti, or Bartonella species. The latter agents were found only in captured yard isolates showed that the 2 organisms fell into the same cluster in 79% (16S) and 100% (gltA), to the exclusion of mice that were coinfected with B. burgdorferi. Coinfection of P. leucopus with B. burgdorferi and B. microti has been prepreviously characterized Bartonella species (figure 3).
viously described in a group of 59 mice captured near the homes of Connecticut patients with human babesiosis [10] . In Discussion that study, in which the B. burgdorferi infection status in capIn this study, we describe the isolation and phylogenetic tured mice was determined by culture and the B. microti status characterization of a Bartonella species from P. leucopus mice was determined by animal inoculation studies, 42% of captured mice were coinfected by both pathogens, 2 mice were infected with B. microti alone, and no mice were reported to be infected was detected in ticks collected at sites known to be recently tick-
infested [6] . Thus, the discrepancy between our prevalence esti- This study establishes that P. leucopus captured in areas of the upper midwest in which Lyme disease is enzootic may be of the novel Bartonella species. However, further work will be required to determine whether the agent is transmitted beinfected with Bartonella organisms. The Peromyscus-derived Bartonella species appears to be closely related to Bartonella tween mice by ticks.
The prevalences of B. burgdorferi, B. microti, and Bartonella isolates from rodents captured in other areas of North America and Europe in which Lyme disease and other tickborne pathospecies observed in mice in this study may be due to the underlying prevalences of these organisms, and the probabiligens are enzootic. The recent possible detection of a Bartonella species in I. ricinus ticks [28], the primary vector of Lyme ties of transmission, in the ectoparasite population. We observed that coinfection with §1 pathogen in mice in this study borreliosis in Europe, along with our finding of an apparently tight cosegregation of this organism with other tick-transmitted was apparently not associated with the sex or age of the captured mouse; an increased frequency of coinfection in older agents, suggests the possibility of tick transmission of this organism. Alternatively, the patency of infection with this oranimals might be anticipated if the risks of acquiring infection with the organisms operated independently.
ganism may be merely enhanced by concurrent coinfection with other tickborne pathogens. For example, infection with B. We anticipated PCR detection of Ehrlichia species in mice in this study because the mice were captured at areas where microti and its close relative, Babesia rhodaini, has been shown to cause immunosuppression in mice [38, 39] , which may en-HGE has been reported to be acquired by humans, and mice may serve as a reservoir of Ehrlichia species [11] . However, hance infection with other organisms [40, 41] . Further work will be required to distinguish between these possibilities. we did not detect the pathogen circulating in the blood of the animals tested. We have observed that mice experimentally infected with Ehrlichia species have infections that are undetectable by PCR Ç1 month following inoculation but which
